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In  this  work,  4-(Trifluoromethyl)-benzonitrile  (4-TB)  is  used  as  a  novel  electrolyte  additive  for 
LiNio.5Mn1.5O4  cathode  of  high  voltage  lithium  ion  battery.  Charge-discharge  tests  show  that  the  cyclic 
stability  of  LiNio.5Mn1.5O4  is  significantly  improved  by  using  0.5  wt.%  4-TB.  With  using  4-TB, 
LiNio.5Mn1.5O4  delivers  an  initial  capacity  of  133  mAh  g_1  and  maintains  121  mAh  g-1  after  300  cycles 
with  a  capacity  retention  of  91%,  compared  to  the  75%  of  that  using  base  electrolyte  (1  M  LiPF6  in 
ethylene  carbonate(EC)/dimethyl  carbonate(DMC)).  The  results  from  linear  sweep  voltammetry,  density 
functional  theory  calculations,  electrochemical  impedance  spectroscopy,  scanning  electron  microscope, 
energy  dispersive  spectroscopy,  Fourier  transform  infrared,  and  inductively  coupled  plasma,  indicate  that 
4-TB  has  lower  oxidative  stability  than  EC  and  DMC,  and  is  preferentially  oxidized  on  LiNio.5Mn1.5O4 
forming  a  low-impedance  protective  film,  which  prevents  the  subsequent  oxidation  decomposition  of 
the  electrolyte  and  suppresses  the  manganese  dissolution  from  LiNio.5Mn1.5O4. 

©  2014  Elsevier  B.V.  All  rights  reserved. 


1.  Introduction 
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Developments  of  lithium  ion  batteries  with  high  energy  density, 
high  power  density  and  low  cost  have  aroused  tremendous  atten¬ 
tion  because  of  their  potential  application  in  energy  storage  for 
electric  vehicles  [1-4  .  One  of  the  efficient  ways  to  increase  the 
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energy  density  of  lithium  ion  battery  is  to  use  cathode  materials 
with  high  operating  voltage  (5  V  vs.  Li+/Li)  [5-7],  such  as  LiNiP04 
[8],  LiNiS04F  9]  and  LiNio.5Mn1.5O4  [10  .  Unfortunately,  the  oxida¬ 
tive  decomposition  of  the  conventional  carbonate-based  electro¬ 
lytes  (>4.5  V,  vs.  Li+/Li)  and  the  dissolution  of  the  cathode  materials 
limit  their  applications  in  commercial  lithium  ion  batteries  [11  . 

Improving  the  oxidative  stability  of  electrolytes  becomes  a  high 
priority  for  the  development  of  high  voltage  lithium  ion  batteries 
[12-15].  Solvents  such  as  sulfones  [14,16,17  ,  ionic  liquids  [12,18] 
and  dinitriles  19-21],  and  electrolyte  additives  13,22-27]  have 
been  reported  to  be  able  to  improve  the  cyclic  stability  of  cathode 
for  high  voltage  lithium  ion  batteries.  For  example,  lithium 
bis(oxalato)borate(LiBOB)/Sulfolane/y-butyrolactone/diethyl  car¬ 
bonate  (DMC)  electrolyte  was  shown  to  provide  a  high  capacity 
retention  of  85.9%  for  LiNio.5Mn1.5O4  after  100  cycles  (0.5  C)  [28]. 
Cresce  and  coworkers  [24]  reported  that  a  highly  fluorinated 
phosphate  ester,  tris(hexafluoro-iso-propyl)-phosphate,  could 
improve  the  cyclic  performance  of  LiNio.5Mn1.5O4,  with  a  capacity 
retention  of  87%  after  200  cycles  (0.5  C). 

In  this  paper,  we  reported  a  novel  electrolyte  additive,  4-(Tri- 
fluoromethyl)benzonitrile  (4-TB),  with  which  a  1  C  rate  capacity 
retention  of  over  90%  for  LiNio.5Mn1.5O4  after  300  cycles  is  achieved. 
The  mechanism  on  the  improved  cyclic  stability  of  LiNio.5Mn1.5O4 
by  using  4-TB  was  illustrated. 

2.  Calculation  and  experimental 

All  calculations  were  performed  using  the  Gaussian  09  package 
[29].  The  equilibrium  structures  were  optimized  with  the  B3LYP  in 
conjunction  with  the  6-311 ++G  (d)  level  basis  set  [30].  Polarized 
continuum  models  (PCM)  were  used  to  investigate  the  bulk  solvent 
effect  (dielectric  constant  is  20.5).  The  calculated  oxidation  poten¬ 
tial  was  converted  from  the  Free-energy  cycle  for  the  oxidation 
reaction  [31  . 

Battery-grade  carbonate  solvents  and  lithium  hexa- 
fluorophosphate  (LiPFe)  were  provided  by  Guangzhou  Tinci  Mate¬ 
rials  Technology  Co.  Ltd.,  China.  The  additive,  4-TB  (99%),  was 
purchased  from  Sigma-Aldrich,  and  used  without  further  purifi¬ 
cation.  The  base  electrolyte  was  1.0  M  LiPFe  in  ethylene  carbonate 
(EC)/DMC  (1/2,  in  volume).  The  HF  and  water  content  in  these  so¬ 
lutions  were  less  than  5  ppm.  LiNio.5Mn1.5O4  electrode  was  pre¬ 
pared  by  mixing  80  wt.%  LiNio.5Mn1.5O4, 10  wt.%  acetylene  carbon 
black,  5  wt.%  Super-P  and  5  wt.%  PVDF  binder  and  coating  the 
mixture  on  Al  foil.  LiZLiNio.5Mn1.5O4  coin  cells  (size:  2025)  with 
Celgard  2400  microporous  membrane  as  the  separator  were 
assembled  inside  an  Ar  gas-filled  glove  box.  The  contents  of  water 
and  oxygen  in  this  grove  box  were  controlled  to  less  than  0.1  and 
10  ppm,  respectively. 

Charge-discharge  tests  were  performed  at  room  temperature 
between  3.0  and  4.9  V  using  LAND  cell  test  system  (Land  CT  2001A, 
China).  The  cells  were  cycled  at  a  constant  current-constant 
voltage  charge  to  4.9  V  and  a  constant  current  discharge  to  3.0  V. 
The  cells  were  cycled  at  C/10  (1  C  =  0.468  mA  cm-2)  for  the  initial 
two  cycles  and  1  C  for  the  remaining  cycles.  The  electrochemical 
impedance  spectroscopy  (EIS)  was  performed  on  a  frequency 
response  analyzer  (Metrohm  Autolab  PGSTAT302N,  the 
Netherlands),  with  a  frequency  range  from  100  kHz  to  0.01  Hz, 
using  an  ac  signal  with  5  mV  amplitude. 

The  electrodes  for  structure  and  composition  characterizations 
were  washed  five  times  with  anhydrous  DMC  to  remove  the  re¬ 
sidual  solvents  and  LiPFe  salt  and  dried  in  vacuum  overnight  at 
room  temperature.  Ex-situ  scanning  electron  microscope  (SEM) 
and  Energy  Dispersive  Spectroscopy  (EDS)  analyses  were  con¬ 
ducted  on  a  JEOL-5900  SEM.  Inductively  Coupled  Plasma  (ICP)  was 
performed  on  an  IRIS  Intrepid  II  XSP.  The  samples  for  ICP  analyses 


were  made  from  the  cycled  lithium  electrode,  which  were  rinsed 
with  anhydrous  DMC  and  treated  with  1  mL  2%  HNO3.  Fourier 
transform  infrared-attenuated  total  reflectance  (FTIR-ATR)  analysis 
was  carried  out  with  a  Nicolet  6700  spectrometer. 

3.  Results  and  discussion 

3.2.  Improved  cyclic  stability  of  LiNio.5Mn1.5O4  by  using  4-TB 

Fig.  1  presents  the  cyclic  performances  of  LiZLiNio.5Mn1.5O4  cells 
using  electrolyte  with  and  without  0.5  wt.%  4-TB.  It  can  be  seen 
from  Fig.  1  that  the  cyclic  stability  of  LiNio.5Mn1.5O4  is  significantly 
improved  by  4-TB.  With  using  the  additive,  LiNio.5Mn1.5O4  delivers 
an  initial  capacity  of  133  mAh  g-1  and  maintains  121  mAh  g  1  after 
300  cycles  with  a  capacity  retention  of  91%,  compared  to  the  75%  of 
that  using  base  electrolyte.  The  charge-discharge  efficiency  of  the 
cell  using  4-TB-containing  electrolyte  is  2%  higher  than  the  cell 
using  base  electrolyte  at  the  300th  cycle,  suggesting  that  the  elec¬ 
trolyte  decomposition  happen  less  easily  in  the  former  than  the 
latter.  The  efficiency  of  the  cell  with  4-TB  (84.5%)  is  lower  than  that 
without  additive  (88.2%)  in  the  first  cycle  at  C/10,  suggesting  that  4- 
TB  is  oxidized  when  the  cell  is  charged. 

Fig.  2  presents  the  discharge  curves  of  LiNio.5Mn1.5O4  electrodes 
with  and  without  4-TB.  The  potential  plateau  is  corresponding  to 
the  Li+  intercalation  reaction  of  LiNio.5Mn1.5O4.  It  can  be  found  that 
the  plateau  potential  of  LiNio.5Mn1.5O4  electrode  without  4-TB  de¬ 
creases  gradually  with  increasing  cycle,  from  4.72  (the  1st  cycle)  to 
4.46  V  (the  300th  cycles),  indicating  that  the  polarization  of  lithium 
insertion/de-insertion  in  LiNio.5Mn1.5O4  increases  during  cycling. 
This  increased  polarization  can  be  ascribed  to  the  oxidative 
decomposition  of  carbonate  solvents  and  shows  the  instability  of 
the  interface  between  the  electrode  and  electrolyte.  As  for  the 
LiNio.5Mn1.5O4  cycled  in  4-TB-containing  electrolyte,  the  plateau 
potential  in  the  first  cycle  is  about  0.04  V  lower  than  that  cycled  in 
base  electrolyte,  revealing  that  the  initial  polarization  of  lithium 
insertion/de-insertion  in  LiNio.5Mn1.5O4  with  4-TB-contanining 
electrolyte  is  slightly  larger  than  that  with  base  electrolyte.  This 
might  result  from  the  film  formed  from  4-TB.  However,  the  plateau 
potential  of  LiNio.5Mn1.5O4  electrode  with  4-TB-contanining  elec¬ 
trolyte  decreases  more  slowly  than  that  with  base  electrolyte, 
dropping  to  only  4.57  V  after  20  cycles  and  remaining  constant  after 
300  cycles.  This  suggests  that  the  interfacial  stability  between 
LiNio.5Mn1.5O4  and  electrolyte  can  be  improved  by  using  4-TB. 


Cycle  Number 


Fig.  1.  Cyclic  performances  of  the  Li/LiNio.5Mni.504  cells  using  electrolytes  with  and 
without  0.5%  4-TB  (initial  two  cycles  were  performed  at  C/10,  and  the  remaining  cycles 
at  1  C).  The  cells  were  charged  and  discharged  between  4.9  and  3.0  V. 
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Fig.  2.  Discharge  curves  of  the  Li/LiNio.5Mni.504  cells  using  electrolytes  with  and 
without  0.5%  4-TB. 


EIS  was  performed  to  understand  the  interfacial  stability  be¬ 
tween  LiNio.5Mn1.5O4  and  electrolyte.  Fig.  3  presents  the  obtained 
results,  which  are  characteristic  of  a  semicircle  at  high  frequencies 
and  a  slope  line  at  low  frequencies.  The  semicircle  reflects  the 
interfacial  properties  between  LiNio.5Mn1.5O4  and  electrolyte,  while 
the  slope  line  represents  the  diffusion  of  lithium  ion  in  the  elec¬ 
trode  [32].  The  reaction  resistance  for  lithium  insertion/de¬ 
insertion  can  be  estimated  by  the  diameter  of  the  semicircle.  As 
shown  in  Fig.  3,  before  cycling,  the  interfacial  resistance  is  similar 
for  both  electrodes  with  and  without  4-TB  and  larger  compared  to 
the  cycled  electrode,  which  can  be  ascribed  to  the  incompletely 


wetted  interface  between  electrodes  and  electrolyte.  For  the  cell 
cycled  in  base  electrolyte,  the  interfacial  resistance  increases  with 
increasing  cycling  from  the  10th  cycle,  showing  the  instability  of 
the  interface  between  the  electrode  and  electrolyte,  which  is  in 
good  agreement  with  the  faster  decrease  in  plateaus  potential 
observed  in  Fig.  2.  For  the  cell  cycled  in  4-TB-containing  electrolyte, 
the  interfacial  resistance  at  10  cycles  (about  275  Q)  is  higher  than 
the  cell  cycled  in  base  electrolyte  (about  162  Q),  conforming  to  its 
larger  initial  polarization  observed  in  Fig.  2.  As  the  cycling  is  per¬ 
formed  further,  however,  the  interfacial  resistance  of  the  cell  using 
4-TB-containing  electrolyte  remains  almost  unchanged,  confirming 
the  interfacial  stability  of  the  electrode  and  electrolyte. 

We  proposed  that  the  improved  interfacial  stability  is  ascribed 
to  the  film  formed  by  4-TB.  4-TB  is  oxidized  preferably  to  the 
electrolyte  forming  a  protective  film  on  LiNio.5Mn1.5O4,  which 
protects  LiNio.5Mn1.5O4  from  dissolution  and  suppresses  the  elec¬ 
trolyte  decomposition.  To  understand  the  mechanism  on  the 
improved  cyclic  stability  of  the  LiNio.5Mn1.5O4  by  4-TB,  the  oxidative 
stability  of  4-TB  was  compared  with  those  of  the  carbonate  solvents 
in  the  electrolyte  by  density  functional  theory  (DFT)  calculation  and 
linear  sweep  voltammetry  methods.  Surface  properties  of  the 
cycled  LiNio.5Mn1.5O4  and  lithium  electrodes  were  also  identified. 

3.2.  Oxidative  stability  of  4-TB 

According  to  our  previous  DFT  work,  we  found  that  the  presence 
of  anion  lowered  the  oxidative  stability  of  the  carbonate  solvents 
[31,33  .  Hence,  the  influence  of  anion  (PFe)  was  also  considered  in 
this  work.  The  optimized  structures  are  shown  in  Fig.  4,  and  the 
calculated  oxidation  potential  and  the  highest  occupied  molecular 
orbital  (HOMO)/lowest  unoccupied  molecular  orbital  (LUMO)  en¬ 
ergies  are  listed  in  able  1.  The  HOMO  energy  of  4-TB  (-0.2934)  is 


Z’/ohm  Z7  ohm 

Fig.  3.  Electrochemical  impedance  spectra  of  the  cycled  Li/LiNio.5Mni.504  cells  using  electrolytes  with  and  without  0.5%  4-TB. 
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Fig.  4.  Optimized  structures  and  geometric  parameters  (bond  length  in  A)  of  the  EC/DMC/4-TB-anion/solvent  clusters  before  and  after  oxidation. 
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Table  1 

Calculated  oxidation  potential  (V  vs.  Li+/Li)  and  HOMO/LUMO  energies  (au.)  of  EC, 
DMC  and  4-TB. 


Solvent 

HOMO 

LUMO 

Calculated  oxidation 

potential 

Isolate 

Solvent— PF6 

EC 

-0.3209 

-0.0075 

7.02 

6.54 

DMC 

-0.3180 

-0.0071 

6.82 

6.60 

4-TB 

-0.2934 

-0.0846 

6.31 

6.16 

Fig.  5.  Linear  sweep  voltammograms  of  Pt  electrode  in  1  mol  L  1  LiPF6  EC/DMC  (1/2,  in 
volume)  with  and  without  0.5%  4-TB  at  0.5  mV  s-1,  OCV-6.0  V  (vs.  Li/Li+). 


less  negative  than  EC  (-0.3209)  and  DMC  (-0.3180),  indicating  the 
lower  oxidative  stability  of  4-TB  than  EC  and  DMC.  Indeed,  the 
calculated  oxidation  potentials  of  4-TB  (6.31  V)  and  4-TB-PF6 
(6.16  V)  are  lower  than  that  of  EC  (7.02  V),  DMC  (6.82  V)  and  EC-PFe 
(6.54  V),  DMC-PF6  (6.60  V),  respectively.  Hence,  preferential 
oxidative  reaction  of  4-TB  in  the  LiPFg/ECDMC  electrolyte  can  be 
expected. 

These  calculations  are  in  good  agreement  with  the  results  ob¬ 
tained  from  linear  sweep  voltammetry.  Fig.  5  presents  the  linear 
sweep  voltammograms  of  platinum  in  the  electrolytes  with  and 
without  4-TB.  The  decomposition  potentials  of  the  electrolytes  are 
determined  at  the  value  that  the  current  densities  reach 
0.1  pA  cm-2.  For  the  base  electrolyte,  the  oxidation  decomposition 
potential  is  around  4.7  V  (vs.  Li/Li+).  However,  when  adding 
0.5  wt.%  4-TB,  the  oxidation  decomposition  potential  decreases  to 
around  4.1  V  (vs.  Li/Li+),  indicative  of  the  preferential  oxidation  of 
4-TB. 

3.3.  Surface  morphology  and  compositions  of  LiNio.sMni504 
electrode 

The  surface  morphologies  of  the  LiNio.5Mn1.5O4  electrodes 
before  and  after  cycled  in  the  electrolyte  with  and  without  4-TB 
were  observed  by  SEM,  the  obtained  results  are  shown  in  Fig.  6. 
For  the  electrode  before  cycling  (see  Fig.  6a),  clear  edges  and 
smooth  surface  of  LiNio.5Mn1.5O4  particles  can  be  identified.  The 
SEM  images  of  the  LiNio.5Mn1.5O4  electrode  after  300  cycles 
without  and  with  4-TB  are  presented  in  Fig.  6b  and  c,  respectively.  It 
can  be  found  that  the  LiNio.5Mn1.5O4  particles  are  separated  into 
smaller  ones  when  experiencing  cycling  in  the  base  electrolyte.  This 
can  be  ascribed  to  the  Jahn-Teller  crystallographic  distortion 


k#V  k#V 


Fig.  6.  SEM  images  of  LiNio.5Mn1.5O4  electrodes:  fresh  (a),  after  the  300  cycles  in  1.0  M  LiPF6/EC-DMC  (1:2)  without  (b)  and  with  0.5%  4-TB  (c).  EDS  spectra  of  LiNio.5Mn1.5O4 
electrodes  cycled  in  the  electrolytes  without  (d)  and  with  0.5%  4-TB  (e). 
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Table  2 

Surface  concentration  of  elements  on  LiNio.sMn^C^  electrodes  cycled  with  and 
without  0.5  wt.%  4-TB. 


C 

O 

F 

Mn 

Ni 

N 

Without  4-TB 

25.68 

30.60 

8.05 

26.32 

9.34 

— 

With  4-TB 

14.65 

33.68 

14.21 

26.79 

8.77 

1.35 

associated  with  the  dissolution  of  LiNio.5Mn1.5O4  in  electrolyte, 
resulting  from  the  formation  of  Mn3+  ions  [34  .  The  dissolution  of 
LiNio.5Mn1.5O4  is  extremely  destructive  to  the  cell  life,  because  it  not 
only  breaks  directly  the  cathode  but  also  leads  to  the  destruction  of 
the  anode  through  the  deposition  of  the  dissolved  metal  ions 
[34,35]. 

Differently,  the  LiNio.5Mn1.5O4  particles  cycled  in  the  4-TB-con- 
taining  electrolyte  (see  Fig.  6c)  remains  better  similarity  in 
morphology  to  the  pristine  particles  than  those  cycled  in  the  base 
electrolyte  (Fig.  6b),  indicating  the  addition  of  4-TB  could  improve 
the  structure  stability  of  LiNio.5Mn1.5O4.  Additionally,  we  found  that 
the  LiNio.5Mn1.5O4  particles  cycled  in  the  additive-containing 
electrolyte  were  apparently  covered  with  a  film,  which  should  be 
generated  from  the  oxidative  reactions  of  4-TB.  Indeed,  nitrogen 
element  from  4-TB  can  be  identified  on  the  LiNio.5Mn1.5O4  cycled  in 
the  additive-containing  electrolyte,  as  shown  in  Fig.  6e  and  Table  2. 
Moreover,  the  concentration  of  fluorine  in  the  4-TB  containing 
system  is  higher  than  the  base  one,  which  may  result  from  the  -CF3 
group  in  4-TB  due  to  the  incorporation  of  4-TB  oxidation  decom¬ 
position  products  into  the  surface  film. 

Fig.  7  presents  the  FTIR  spectra  of  pure  4-TB  and  LiNio.5Mn1.5O4 
electrodes  after  cycled  in  the  electrolyte  with  and  without  4-TB.  For 
the  charged  electrodes,  the  spectra  around  1646,  1453,  1335,  and 
1095  cm-1  are  corresponding  to  the  vibration  of  C=0,  L^CC^, 
R0C02Li,  and  C-O,  respectively  [36,37  ,  which  result  from  the 
electrolyte  decomposition.  Importantly,  a  new  broad  peak  around 
2235  cm-1  can  be  observed  on  the  cycled  electrode  in  the  4-TB- 
containing  electrolyte,  which  is  corresponding  to  the  vibration  of 
Benzene-C=N  group  [38  .  This  result  confirms  the  incorporation 
of  4-TB  oxidation  decomposition  products  into  the  surface  film. 

With  the  results  available,  the  mechanism  on  the  formation  of 
surface  film  by  4-TB  can  be  inferred  as  follows.  As  the  optimized 
structure  of  4-TB  before  and  after  oxidation  shown  in  Fig.  4,  the 


Fig.  7.  FTIR  spectra  of  pure  4-TB  and  LiNio.5Mn1.5O4  electrodes  cycled  in  electrolyte 
with  and  without  0.5%  4-TB. 


benzene  and  C=N  groups  remains  unchanged  after  losing  one 
electron,  while  the  bond  length  of  C(from  C=N)-C(from  benzene) 
and  C(from  -CF3)-C(from  benzene)  bond  decreases  and  increases, 
respectively.  Hence,  a  breakage  reaction  of  the  later  after  oxidation 
can  be  expected,  generating  a  benzene-C=N  cation  and  CF3 
radical.  The  cation  gains  electron  from  surrounding  solvents 
generating  new  radicals.  All  the  radicals  terminate  and  deposit  on 
LiNio.5Mn1.5O4  surface  forming  a  proactive  surface  film. 

3.4.  Deposition  of  dissolved  metal  ions  on  lithium  electrode 

To  confirm  the  dissolution  of  the  LiNio.5Mn1.5O4  and  the  subse¬ 
quent  deposition  of  the  dissolved  metal  ions  on  the  counter  elec¬ 
trode  during  charging-discharging,  composition  of  the  lithium 
electrode  taken  from  the  cycled  LiZLiNio.5Mn1.5O4  cell  was  analyzed 
with  ICP.  It  is  found  that  the  content  of  Mn  and  Ni  is  1.83  and 
0.38  ppm  for  the  electrode  cycled  in  the  base  electrolyte,  while 
drops  to  0.85  and  0.26  ppm  for  the  electrode  cycled  with  4-TB, 
respectively.  Apparently,  the  dissolution  of  Mn  and  Ni  ions  from 
LiNio.5Mn1.5O4  and  their  subsequent  deposition  on  the  counter 
electrode  do  happen  in  the  cycled  cell.  The  less  identified  contents 
of  Mn  and  Ni  in  the  lithium  electrode  cycled  with  4-TB  indicates  the 
film  on  LiNio.5Mn1.5O4  electrode  formed  by  4-TB  is  protective  for 
LiNio.5Mn1.5O4  and  suppresses  the  dissolution  of  Mn  and  Ni  from 
LiNio.5Mn1.5O4. 

4.  Conclusions 

4-TB  is  an  effective  film-forming  additive  for  LiNio.5Mn1.5O4 
based  high  voltage  lithium  ion  battery.  Addition  of  0.5  wt.%  4-TB  in 
the  electrolyte  of  1.0  M  LiPF6  in  EC/DMC  significantly  improves  the 
cyclic  stability  of  LiNio.5Mn1.5O4.  Theoretical  and  experimental  re¬ 
sults  show  that  4-TB  is  oxidized  preferably  to  the  carbonate  sol¬ 
vents  in  the  electrolyte,  forming  a  protective  film  on  LiNio.5Mn1.5O4, 
which  suppresses  the  subsequent  oxidation  decomposition  of  the 
electrolyte  and  the  dissolution  of  Mn  and  Ni  from  LiNio.5Mn1.5O4. 
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